ABSTRACT: Industrial-scale fisheries are often thought to reduce food availability for top predators. It is essential to estimate the spatial and temporal overlap over a fine scale between fisheries and predators during their breeding season, when their energy demand is greatest and when they are most spatially constrained, in order to understand and manage this potential impact on their populations. In the Benguela upwelling region, 2 endemic vulnerable seabirds, Cape gannets Morus capensis and African penguins Spheniscus demersus, mainly eat anchovy Engraulis encrasicolus and sardine Sardinops sagax, both of which are exploited by the purse-seine fishery. A recent eastward displacement of small pelagic fish off the South African coast has reduced fish availability for both birds and fisheries along the west coast. Using GPS-recorders, we studied the foraging dispersal of birds from 8 colonies containing 95% of the global Cape gannet and 60% of the global African penguin populations to assess their overlap with fish catches. Despite the fact that bird data were gathered at very fine spatial and temporal scales (meters and hours), and fisheries data were recorded at much coarser spatial and temporal scales (20 km and months), there was clear overlap in areas used. The main foraging areas of both species were located where purse-seine fisheries caught most fish, with most catches occurring during the birds' breeding season. As birds and fisheries also overlap in the size of the targeted prey and the depth of exploitation, our study suggests the potential for intense competition between purse-seine fisheries and decreasing seabird populations in the southern Benguela. Long-term protection of these seabird species requires the inclusion of a suitable ecological buffer when setting fishery quotas, and implementing marine protected areas closed to fishing around key breeding sites and foraging hotspots may improve their breeding success.
INTRODUCTION
The oceans are one of humanity's most importance resources, and human welfare, economics, and survival are tightly linked with the health of marine ecosystems (Costanza 1999) . However, marine ecosystems are deeply altered by humans, to an extent that has long been underestimated (Jackson et al. 2001) . The most profound effect is due to exploitive use of marine resources, mainly through fishing (Pauly et al. 1998 ).
Industrial-scale fisheries have altered and degraded marine ecosystems (Botsford et al. 1997 , Williams 1998 , Worm et al. 2006 , probably reducing the biomass of fish top predators by an estimated 90% compared to pre-industrial levels (Myers & Worm 2003) . Many marine top predators (such as pinnipeds, cetaceans, seabirds and sharks) that play an important role in the maintenance of ecosystem function (Myers et al. 2007) are threatened by fishing both through mortality caused by fishing gear (e.g. González-Zevallos & Yorio 2006) as well as direct competition with fisheries (e.g. Furness & Tasker 2000) . Upwelling systems, such as the Humboldt and the Benguela regions, are waspwaist ecosystems (Cury et al. 2000) , largely rely on a species-poor intermediate trophic level dominated by 2 genera of small pelagic fish (sardines Sardinops spp. and anchovies Engraulis spp.) that regulate the transfer of energy from lower to upper trophic levels. In these ecosystems, the breeding success and/or abundance of top predator populations are related to the availability of these small pelagic fish (see Crawford & Jahnke 1999) . Because the populations of such fish fluctuate at large temporal and spatial scales, these top predators have developed life-history traits to buffer against these fluctuations, and thus can show behavioural flexibility. However, fisheries exploitation increases the pace and scale of these fluctuations to a scale of magnitude beyond the range of natural variation, reducing the possibility for predators to accommodate them (Duffy 1983 , Crawford 1999 .
For instance, in the Benguela upwelling system, overexploitation of sardines Sardinops sagax off South Africa in the 1960s and off Namibia in the 1970s lead to their populations collapsing (Griffiths et al. 2004) . Anchovies Engraulis encrasicolus largely replaced sardines in the fisheries landing off South Africa (Cochrane et al. 1998 ), but small pelagic fish populations off Namibia have still not yet recovered (Griffiths et al. 2004) . Consequently, the global population of the endemic Cape gannets Morus capensis and African penguins Spheniscus demersus, which depend upon small pelagic fish (Crawford 1999) , decreased by 50%, rendering them vulnerable to extinction (Crawford 1999 , IUCN 2006 . Off the west coast of South Africa, bird numbers have further decreased since the mid-1990s due to a lack of food , Pichegru et al. 2007 ) associated with recent shifts in the distribution and availability of their prey (van der Lingen et al. 2005 , Roy et al. 2007 , Grémillet et al. 2008a . It is essential to estimate the spatial and temporal overlap between purse-seine fisheries that target small pelagic fish, and the location and extent of feeding grounds of these birds during the breeding season, in order to understand and manage potential fishery impacts on seabird populations. Food availability during reproduction plays a key role in the population dynamics of highly mobile species (e.g. Lewis et al. 2006) , especially during young-rearing when (1) the energetic constraints are strongest upon breeding adults (Stearns 1992) as they need to feed both themselves and their growing offspring, and when (2) they are most spatially constrained.
Because scale is a critical factor in determining resource-use overlap between top predators and fisheries (e.g. Reid et al. 2004) , results from studies that attempted to estimate the impact of competition between seabirds and fisheries have often been contradictory (see Tasker et al. 2000 and references therein). Often some overlap can be found at a coarse scale (> 300 km), but not at a fine scale (< 3 km) (e.g. Fauchald et al. 2000) . In this analysis, we estimate the overlap between vulnerable seabirds and South African purseseine fishery activities at a spatial scale of < 20 km and a monthly temporal scale. We used GPS tracking of birds from 8 colonies -containing 95% of the global Cape gannet (Crawford 2005 ) and 60% of the global African penguin populations (Crawford & Whittington 2005) -to determine their foraging distribution and overlap with spatially explicit data on catches of sardines and anchovies made by the pelagic fishery during the chick-rearing period. Despite the disparate scales of the 2 datasets, with the bird data gathered at very fine spatial and temporal scales (meters and hours), and the fisheries data recorded at coarser spatial and temporal scales (20 km and months), we contend that a significant overlap over such a fine spatial and temporal scale would provide strong evidence for competition. This method would also reveal areas of important conservation value and can help in the design of marine protected areas (MPAs).
MATERIALS AND METHODS
Bird foraging behaviour: data collection. The foraging behaviour of breeding Cape gannets and African penguins was studied between 2002 and 2007 under permits issued by Cape Nature Conservation and South African National Parks. Cape gannets were studied at all 3 South African colonies: Bird Island (Lambert's Bay, 32°5' S, 18°18' E), Malgas Island (33°03' S, 17°55' E), and Bird Island (Nelson Mandela Bay, 33°50' S, 26°17' E). African penguins were studied at the 5 largest of the 17 South African sites: Dassen Island (33°25' S, 18°04' E), Robben Island (33°47' S, 18°22' E), Boulders Beach (34°12' S, 18°27' E), Dyer Island (34°40' S, 19°25' E) and Bird Island (Nelson Mandela Bay) (Fig. 1) .
The tracking loggers deployed on the birds have been used on several occasions and are only briefly described here (see details in Grémillet et al. 2004 . Two types of data loggers were used: (1) GPS data-loggers (95 × 48 × 24 mm; Technosmart), that record latitude and longitude at 10 s intervals to an accuracy better than 10 m. (2) GPS-TD loggers (a GPS combined with a time-depth recorder; 96 × 39 × 26.5 mm; Earth and Ocean Technologies), that record latitude and longitude at 1 min intervals to an accuracy better than 10 m, and temperature and depth at 1 s intervals to the nearest 0.1 m. All devices were housed in streamlined fibrecomposite containers and weighed < 2.5% of both species' adult body mass, which is below the 3% limit recommended for flying birds (Phillips et al. 2003) .
Cape gannets breed a single chick between September and February, whereas African penguins raise a brood of one or 2 chicks between March and August. In both species the parents share the care of their young, with typically one adult attending the nest or burrow when the partner is at sea (Crawford 2005 , Crawford & Whittington 2005 . Adult birds rearing small chicks of similar age (average of 3 and 2 wk old for gannets and penguins, respectively) were caught on their nest site. The devices were attached to feathers on their lower back with waterproof tape, allowing minimal damage to the plumage (Wilson et al. 1997 ).
Handling lasted 4 to 8 min from capture to release and care was taken to minimize the bird's stress (the birds' heads were covered, and those equipped during the day were shaded). After deployment, nest sites with instrumented birds were monitored until the adult returned, allowing it to be recaptured and the logger removed. Previous studies showed no significant difference in the foraging behaviour of experimental and control birds (Petersen et al. 2006 , Pichegru et al. 2007 , and no apparent impacts have been detected on the welfare of the animals.
Bird foraging behaviour: data analysis. Because African penguins have relatively small foraging ranges (Wilson 1985) , their foraging habitat was inferred from their complete GPS tracks. By comparison, Cape gannet often commute over long distances to reach their foraging areas. Therefore, their foraging locations were inferred from their GPS tracks based on the path sinuosity, after Grémillet et al. (2004) . For each colony, we defined different core foraging areas, covering their home range (Minimum Convex Polygon [MCP] -100%) and a range of proportional use ranges, based on 3 to 99% (in 3% intervals) of the time spent foraging per unit area (kernel analysis, smoothing factor chosen according to the Least Square Cross Validation method, Girard et al. 2002) , using Arcview GIS 3.2 (ESRI). When data from more than 1 breeding season were available for a colony, they were pooled. This method takes into account inter-annual variability and birds' maximum foraging range, and it reveals feeding hotspots, giving more statistical weight to areas that are used consistently over several years, which is part of BirdLife criteria to define marine Important Bird Areas (www.birdlife.org).
Fisheries' activities: temporal and spatial distribution. The weight (t) of anchovies and sardines caught per 10 × 10 nautical mile (18.6 × 18.6 km) grid cell by the South African purse-seine fishery between 2002 and 2007 was obtained from catch data recorded monthly by Marine and Coastal Management (South African Ministry of Environment and Tourism). The purse-seine fishery is active throughout the year (Fairweather et al. 2006) . The temporal heterogeneity in fishery catches was tested with a General Linear Model, with the fisheries' catches as an independent factor, and months and years as explanatory variables. The analyses were performed on anchovy and sardine catches separately. Spatial heterogeneity in the presence/absence of fish catches over the 6 yr period for the 341 cells overlapping Cape Gannet locations was calculated as follows: for each grid cell we scored the heterogeneity as the count of presences or absences, whichever was lower, so that e.g. 0, 0,1,1, 0, 0 and 1,1, 0, 0,1,1 both score 2. The overall heterogeneity was expressed as the sum over all the cell scores, this gives values ranging from 0 (perfect similarity) to 1364 (maximum heterogeneity). To test the significance of this statistic, we performed a randomization test by taking 999 random samples with replacement across years. We used the R software for calculations. Spatial overlap between birds and fisheries. The spatial overlap between fishing activities and birds' foraging behaviour was determined using the 10 × 10 nautical mile (18.6 × 18.6 km) grid. Each grid cell was associated with an amount of fish catch (if any) and the lowest kernel contour of the birds' foraging range (if the cell was also used by the birds). Thus, we calculated the proportion of the annual average catches of small pelagic fish by the purse-seine fisheries that occurred within the total foraging range of penguins for each colony, and within areas where gannets spent 50, 75 and 90% of their time spent foraging, following BirdLife's criteria for the selection of Important Bird Areas. Although we analyzed the amount of fishing activities in the foraging range of birds from each colony separately, we had to analyze together the areas used by gannets breeding on the colonies from the west coast (Bird Island, Lambert's Bay, and Malgas Island), as their foraging ranges overlapped (Fig. 1) . Testing the overlap of fisheries and birds from these 2 colonies separately would lead to an overestimation of the competition between boats and gannets on the west coast.
RESULTS
Between 2002 and 2007, 166 gannet and 91 penguin foraging tracks were gathered from the 8 breeding colonies (Table 1) . Gannet foraging trips lasted almost twice as long as those of penguins and had a mean foraging range (112 km) an order of magnitude greater than those of penguins (12.5 km, Table 1 ). The total foraging area (MCP 100%) of gannets covered 40 176 km 2 , an area >10-fold greater than the total foraging area of the 5 penguin colonies studied (5022 km 2 , Table 2 ). The gannets' foraging range also included the locations of all other South African penguin colonies (Crawford & Whittington 2005) . Although both species can show substantial interannual variability in some foraging parameters (trip durations during the same period of the breeding cycle can almost double between colonies and years, see Table 1 ), core foraging areas of gannets and penguins were located mainly in shallow shelf waters (< 200 m), where most of the annual catch of purse-seine fisheries . Track numbers in parentheses are incomplete tracks from which no foraging parameters could be extracted but which were included in the spatial analyses is also taken (Fig. 2 ). An annual average of 222 000 tons of anchovies and 255 000 tons of sardines were caught by the pelagic fishery over the period 2002 to 2007 all along the South African coast. Almost all anchovy catches occurred on the west coast (Fig. 2) , where most of the seabird colonies are also located.
Temporal overlap
Small pelagic catches by purse-seine fisheries fluctuated over time between 2002 and 2007. Sardine catches varied significantly between months (F = 4.95, df = 11, p < 0.01) and years (F = 5.92, df = 5, p < 0.001), with a sharp decrease from 2004 onward, from 374 000 t in 2004 down to 140 000 t in 2007. The peak of sardine catches on the west coast occurred between September and March (although the catches in December were low, Fig. 3 ), which coincides with the timing of the Cape gannet breeding season (Crawford 2005) . Anchovy catches remained constant over the years (F = 1.68, df = 5, p = 0.155), but varied significantly between months (F = 11.61, df = 11, p < 0.001), peaking in the austral autumn (Fig. 3) , which is also peak breeding season for African penguins (Crawford & Whittington 2005) . Although there are no anchovy catches on the east coast (Fig. 3) , anchovies are caught as by-catch in sardine fisheries (Fairweather et al. 2006) , and sardine fishing peaks on the east coast also during the austral autumn.
Spatial overlap
The overall heterogeneity score obtained for the purse-seine fishing overlapping Cape gannet locations was 224; this lies within the 95% confidence interval (125 to 278) calculated by the randomization test, indicating that spatial differences between years in presence/absence of fishing do not differ from a random process. Purse-seine fishing boats thus exploited consistently the same zones over the years of our study.
Although penguins show a restricted foraging range (Tables 1 & 2 Table 2 ). The entire foraging range of the 5 colonies covered only 3.7% of the entire marine area exploited by purse-seine fisheries. Yet, fisheries caught 14.2% of their average annual catches in this small area (Table 2) . Also, different colonies endured different intensities of competition. For instance, fishing boats took 6% of their annual catches in the foraging range of penguins from Dassen and Robben Islands on the west coast, the surface of which represents less than 1% of the total industrial fishing area (Table 2) . Similarly, fisheries were catching the same amount of pelagic fish in the foraging area of the single colony of Dyer Island (Table 2) , the eastern most colony of the west coast (Fig. 1) .
Although the area where gannets spent 90% of their foraging time was almost 10-fold larger than the penguins' entire foraging range, fisheries caught only 100% for penguins) for each studied colony, proportion of these respective areas of the total area exploited by purse-seine fisheries, and proportion of average annual catches of small pelagic fish by purseseine fisheries taken from these different areas. Proportion of global population supported by each studied colony is also given twice as many fish as they caught in the penguin foraging area (Table 2) . However, the competition between gannets and fisheries was much stronger on the west coast. Gannets breeding on Bird (Lambert's Bay) and Malgas Islands, showed a foraging range twice as large as that of birds breeding on Bird Island (Nelson Mandela Bay) (Fig. 1 , Tables & 2) , within which fishing pressure was almost 20 times greater than it was in the foraging area of the birds from the south coast , in Nelson Mandela Bay (Table 2) . Gannets breeding on Bird (Lambert's Bay) and Malgas Islands also exhibited a greater foraging effort, with longer foraging trip durations and foraging path lengths, despite the fact that their population was half the size of that from Bird Island (Nelson Mandela Bay) (Tables 1 & 2 this study, Pichegru et al. 2007 ). 
DISCUSSION
Our study shows a strong spatio-temporal overlap between seabirds and fisheries targeting small pelagic fish. Purse-seine fisheries caught most of their catches from the core foraging areas of both species of birds (Figs. 1 & 2, Table 2 ). The peak of their catches also occurred during the birds' breeding period (Fig. 3) , when the food demands of these marine predators are highest (Stearns 1992) . Although interpretation of the data is complicated by the different scales of analysis used between birds and fisheries, there was a clear disproportionate overlap in the areas used.
Both birds and fisheries target prey of the same size. Gannets and penguins target fish of an average length of ~15 ± 6 cm (Batchelor & Ross 1984 , Klages et al. 1992 , Crawford & Dyer 1995 , whereas the size of the fish caught by fisheries is between 5 and 20 cm for sardines and 6 and 12 cm for anchovies (Fairweather et al. 2006) . African penguins may reduce competition by targeting smaller, diffuse schools of fish, whereas the fishery targets large aggregations (Wilson 1985) . However, both dense and diffuse schools probably form part of the same stock (Duffy & Wissel 1988) . Finally, both birds and fisheries overlap in the depth at which they exploit their prey, as gannets do not dive deeper than 30 m , and most penguin dives occur between 10 and 70 m (Wilson 1985 , Petersen et al. 2006 ). Purse-seine fisheries seldom operate at a depth > 50 m (Armstrong & Thomas 1989) .
Our results illustrate the interactions between birds and fisheries during the whole life cycle of the birds. Indeed, competition between the 2 during the non-breeding period has been implicated in the decline in African penguins off South Africa (Burger & Cooper 1984) at that time. Overlap with fisheries activities during postnatal dispersion can also be crucial in juvenile survival (Weimerskirch et al. 2006 ) and immature African penguins showed a very low survival in areas open to fishing, compared to those in areas closed to fisheries (Duffy et al. 1984) , probably due to the combined threats of bycatch and competition over the same prey. Although some fisheries can provide food for some seabirds through their wastes (e.g. Tasker et al. 2000) , African penguins do not feed on fishery offal, as no fishery waste has ever been found in their diet samples (Marine and Coastal Management unpubl. data) . Cape gannets from the west coast colonies can make extensive use of wastes from a demersal fishery (Berruti et al. 1993 , Pichegru et al. 2007 ); however, their chick survival on such a diet is extremely low (Grémillet et al. 2008b) . Therefore, gannets do not benefit from these fisheries in terms of reproductive output. Finally, purse-seine fisheries do not process their catches on board, so their waste production is minimal (N. Okes, WWF, pers. comm.).
The recent eastward shift in the distribution of both anchovy and sardine off the South African coast has further reduced fish availability along the west coast and the sardine population has also decreased substantially in recent years , which is reflected in this study by the sharp decrease in sardine catches between 2004 and 2007. The direct competition between birds and fisheries demonstrated by our data, particularly on the west coast (Figs. 1 & 2 , Table 2 ), is probably increased during prey scarcity to the detriment of the birds, thus weighing heavily on already vulnerable species. African penguin and Cape gannet populations may soon be re-classified as Endangered (Kemper et al. 2007) , probably due to lack of food , Pichegru et al. 2007 , and conservation measures are urgently required.
A first step is to integrate the birds' needs into an Ecosystem Approach to Fisheries (EAF; Shannon et al. 2006 ). An EAF for the pelagic fishery is being developed by the Marine and Coastal Management, the regulatory authority for South Africa's marine fisheries. One aspect of this EAF is a consideration of the amount of small pelagic fish needed by penguin populations in order to survive and breed successfully, and incorporation of this consideration into the Operational Management Procedure (OMP) used to set the annual Total Allowable Catch (TAC) for the pelagic fisheries. However, further measures may be necessary, and although progress has been achieved establishing a number of MPAs in South Africa 1 , the marine area that is currently protected (1.6% of the Exclusive Economic Zone of South Africa) is still far from the 10% goal set by the United Nations Convention on Biodiversity. Studies such as the present one provide crucial information in revealing biological hotspots under environmental pressure, and suggesting zones that should be protected as a priority. Cape gannets and African penguins forage in offshore environments (deeper than 30 m) while breeding, and these environments are poorly protected (Game et al. 2009 ), even though they play a central role in the stability and resilience of ecosystems as top predators (e.g. Myers et al. 2007 ). Moreover, top predators benefit from an ecologically justified charisma (Sergio et al. 2006) , which can help in raising funds and finding support in the public and stakeholders. As such, the African penguin is a 'flagship' and an economically valuable species (Crawford 2005) . Offshore MPAs for pelagic predators are needed to preserve ecosystem resilience and stability (Hyrenbach et al. 2000 , Worm et al. 2006 , Game et al. 2009 ), but a crucial issue regarding their establishment is to determine their boundaries in a dynamic environment. In many instances, indices of marine primary productivity and abiotic features such as bathymetry are used to define seabird MPAs (Louzao et al. 2006 ). However, the most important guide for defining the boundaries of such MPAs is the prey field utilised by the birds (Hooker & Gerber 2004) . Our study is one of the first to bypass proxies of marine productivity, and to link seabird foraging hotspots directly with the spatio-temporal abundance of their prey, as well as fishing activities sharing this resource (Grémillet et al. 2008a) .
From our results, we recommend protecting areas that include the foraging range of penguins breeding on Dassen, Robben and Dyer Island colonies. Indeed, such areas fulfil criteria for marine Important Bird Areas as defined by BirdLife International (www. birdlife.org). African penguin numbers have decreased dramatically in recent years (by 50% between 2004 (by 50% between and 2006 (by 50% between , Crawford et al. 2008 , threatening this species with rapid extinction. The areas delimited by our study birds were used consistently over several breeding seasons, thus representing important pelagic feeding grounds for African penguins. These areas were also exploited by other species, such as Cape gannets (as shown in this study) and Cape cormorants Phalacrocorax capensis (M. Hamann et al. unpubl. data) . These 3 seabird species have a restricted distribution, and are all endemic to Southern Africa. Therefore, African penguins, even though showing a small foraging range compared to other seabird species, act as an umbrella species (Roberge & Angelstam 2004) , and protecting their foraging habitats will benefit large sections of the southern Benguela upwelling ecosystem.
The concept of area closures certainly warrants further exploration (Hooker 2006) , particularly for spatially constrained predators such as African penguins that depend on a reliable prey base within a short commuting distance of their breeding islands while feeding chicks. Closure to purse-seine fishing of an area of 20 km radius around Dassen Island (see Fig. 1 ) has been implemented for 2008 and 2009 by Marine and Coastal Management, as part of an experiment to test whether such closure improves penguin reproductive success compared to an adjacent colony on Robben Island, which will not be closed to fishing 2 . This assumes that limited closures will enhance fish availability locally, despite large-scale movements by pelagic fish (Roy et al. 2007 ). Ideally, MPAs for highly mobile seabirds should have flexible boundaries (Hyrenbach et al. 2000) , with limited catches in these areas. By monitoring the foraging behaviour and reproductive output of predators before and after the formation of an MPA, it is possible to test its efficacy as a conservation tool. Foraging behaviour is at the interface between population dynamics and the environment within which populations evolve, since any changes in the environment will affect the foraging behaviour of predators before they affect their life history traits (Hamer et al. 2006) . Coupled with energetic modelling, GPS monitoring thus provides a rapid and powerful index of population health and trends , Pichegru et al. 2007 ) and can be used as a relevant tool in conservation management. 
